The mitochondrial glycerol phosphate dehydrogenase (mGPD) is important for metabolism of glycerol phosphate for gluconeogenesis or energy production, and has been implicated in thermogenesis induced by cold and thyroid hormone treatment. mGPD in combination with the cytosolic glycerol phosphate dehydrogenase (cGPD) is proposed to form the glycerol phosphate shuttle, catalyzing the interconversion of dihydroxyacetone phosphate and glycerol phosphate with net oxidation of cytosolic NADH. We made a targeted deletion in Gdm1, and produced mice lacking mGPD. On a C57BL/6J background these mice showed a 50% reduction in viability compared with wild type littermates. Uncoupling protein-1 mRNA levels in brown adipose tissue did not differ between mGPD knockout and control pups, suggesting normal thermogenesis.
Summary
The mitochondrial glycerol phosphate dehydrogenase (mGPD) is important for metabolism of glycerol phosphate for gluconeogenesis or energy production, and has been implicated in thermogenesis induced by cold and thyroid hormone treatment. mGPD in combination with the cytosolic glycerol phosphate dehydrogenase (cGPD) is proposed to form the glycerol phosphate shuttle, catalyzing the interconversion of dihydroxyacetone phosphate and glycerol phosphate with net oxidation of cytosolic NADH. We made a targeted deletion in Gdm1, and produced mice lacking mGPD. On a C57BL/6J background these mice showed a 50% reduction in viability compared with wild type littermates. Uncoupling protein-1 mRNA levels in brown adipose tissue did not differ between mGPD knockout and control pups, suggesting normal thermogenesis.
Pups lacking mGPD had decreased liver ATP and slightly increased liver glycerol phosphate. In contrast, liver and muscle metabolites were normal in adult animals. Adult mGPD knockout animals had a normal cold tolerance, normal circadian rhythm in body temperature, and demonstrated a normal temperature increase in response to thyroid hormone. However, they were found to have a lower body mass index, a 40% reduction in the weight of white adipose tissue, and a slightly lower fasting blood glucose than controls. The phenotype may be secondary to consequences of the obligatory production of cytosolic NADH from glycerol metabolism in the mGPD knockout animal. We conclude that, while mGPD is not essential for thyroid thermogenesis, variations in its function affect viability and adiposity in mice.
Introduction:
The glycerol phosphate shuttle, composed of the FAD-dependent mitochondrial glycerol phosphate dehydrogenase (mGPD 1 , E.C. 1.1.99.5) and the NAD(H)-dependent cytosolic glycerol phosphate dehydrogenase (cGPD, E.C. 1.1.1.8), is generally considered to play a role in the oxidation of cytosolic NADH formed during glycolysis. In mice the mitochondrial enzyme is encoded by a single gene, Gdm1, on chromosome 2 (1). The cytosolic enzyme has both an adult form, encoded by Gdc1 on chromosome15 (2) and an embryonic form, encoded by Gdc2 on chromosome 9 (3). The embryonic form has not been found in liver or kidney during gestation, but persists in brain for several weeks following birth (4) , and in the epididymal white adipose tissue until at least 5 days of age (5) . It has recently been reported that mice lacking the adult form of cGPD have elevated dihydroxyacetone phosphate and decreased glycerol phosphate and ATP levels in muscle following exercise (6) , although these mice otherwise appear normal, having normal weights and litter sizes (7) . Surprisingly, these cGPD-deficient mice grow normally even on a diet essentially free of glycerol (6) , presumably by using the dihydroxyacetone phosphate acyl transferase pathway for lipid synthesis. The findings suggest that a lack of cGPD alters the cellular redox status in muscle, while pancreatic islet function is relatively normal and liver is only mildly affected, confirming the ability of alternate shuttle mechanisms to reoxidize NADH in some tissues. Because mGPD enzyme levels are high in brown adipose tissue and are elevated by cold treatment (1), and because mGPD is increased in liver and other tissues by thyroid hormone and thermogenic "ergosteroids" (8, 9) , mGPD and the glycerol phosphate shuttle have been implicated in thermogenesis. As the mitochondrial enzyme levels are very high in the pancreatic islet 4 (10), and are reduced in rodent (11, 12) and human (13) diabetes, the shuttle was also proposed to be important for maintenance of islet redox status during glycolysis. Recent studies on an mGPD knockout mouse (14, 15) demonstrated that mice lacking this enzyme have normal pancreatic islet function. We confirmed this finding with our mGPD knockout mouse, and now report the effects of this mutation on mouse growth, reproduction, thermogenesis, and glycerol metabolism.
Experimental procedures

Production of the knockout mouse-A 129X1/SvJ mouse genomic library in Lambda Fix
II was screened with a probe containing the conserved FAD-binding region of the mGPD cDNA (exons 3 and 4) (1,16). Genomic clones were sequenced and shown to contain exons 4, 5, and 6 of Gdm1 (Fig. 1A) . A targeting vector was designed to delete exons 5 and 6, with the insertion of a Neomycin gene. This deletion also creates a frameshift mutation, leading to premature termination of translation in exon 7. Vector DNA was Mice on the C57BL/6J background were maintained on breeder chow (Teklad 8626, 10% fat).
Biochemical Assays-Enzymes and metabolites were measured with standard spectrophotometric or fluorometric assays (19, 20) . Glucose was measured using a OneTouch Profile instrument (Lifescan, Milpitas, CA). Free fatty acids were measured using the Free fatty acids, Half-micro test kit (Roche Molecular Biochemicals, Indianapolis, IN). Acetoacetic acid was assessed semi-quantitatively on 6-10 µl of urine using Ketostix (Bayer Corporation) according to directions. Livers and blood were obtained following decapitation of pups, and livers were immediately homogenized in 4-9 volumes of 6% perchloric acid. A comparison with standard freeze-clamping showed no difference in metabolite levels compared with direct homogenization of these small organs. Urine was collected by postmortem aspiration from the bladder using an insulin syringe.
Expression analysis-Total RNA was prepared from interscapular fat pads of 4-7 day old animals using TRI-Reagent® (Molecular Research Center, Inc., Cincinnati, OH). Real time quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed using the ABI Prism 7700 system and UCP1 primers as described (21) .
Animals were on the C57BL/6J background at the N5 generation.
by guest on August 16, 2017 Thermogenesis-Studies were conducted as described elsewhere (22 Protein blots demonstrated reduced levels of mGPD protein in heterozygous animals, and no detectable mGPD protein in o/o animals ( Fig. 2A) . Enzyme assays on these same samples confirmed that enzyme activity correlated with protein quantity (Fig. 2B ). Growth parameters- Figure 3A shows the growth of mGPD +/+, o/+, and o/o mice on a mixed genetic background. Two diets, containing 4% and 15% fat, were used. Male mice heterozygous or homozygous for the knockout weighed less than control animals when fed the low fat diet, but only the homozygous knockout animals differed significantly from controls in the high fat diet group. While similar trends were seen in females, differences did not reach statistical significance. On the 4% fat diet o/o males weighed 28% less than +/+ males at 4-6 months of age. Figure 3B shows the effects of the mGPD deletion when bred onto a C57BL/6J
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background. All animals were from the N5 or N6 generation, and were maintained on a 10% fat breeder chow. Variability in this group was less than that seen with the genetically mixed background mice, and weight differences were seen in both the male and female o/o animals when compared with control animals. When weaned at 21 days, o/o males on a C57BL/6J background were 23% smaller and females were 16% smaller than +/+ animals ( Table 2 ). These differences could be due to maternal factors, however, in crosses of +/+ with o/o animals, o/+ pups delivered and nursed by o/o females did not differ in size at 20 days from those delivered and nursed by +/+ females ( Table 2 ). This suggests that size differences are due to effects of the pup genotype, rather than milk quality or maternal behavior. Table 3 shows that weight differences persisted in older animals, averaging 27% in males and 14% in females by 9-11 months. Body mass index reflected the weight difference, since there was little difference in body length. The white adipose tissue of the epididymal fat pads of males and parametrial fat pads of females was more severely affected, with an approximately 40% lower weight seen in knockout animals of both sexes compared with controls. We examined whether alterations in glycerol metabolism might affect free fatty acids or ketone levels in nursing pups. No differences were seen between knockout and control pups in 5-7 day old animals on the C57BL/6J background. Knockout pups had plasma free fatty acids of 0.38 ± 0.03 mmol/L vs. 0.39 ± 0.03 (mean ± S.E.) for the +/+ controls (N=5 for both groups). All animals were negative (< 5 mg/dl) when tested for urine acetoacetic acid.
Metabolites-Use
Additional metabolic studies were done on livers and blood from 14-18 day old nursing pups (Table 4) Blood glucose values were also tested after 18 hour fasts in adult mice on the mixed genetic background, on both a 4% and a 15% fat diet. On both these diets calories are derived primarily from carbohydrates, however glycogen should be depleted after 18
hours and blood glucose values should reflect gluconeogenesis. Differences in blood glucose were seen only in the male mice (Fig. 4) , but appeared to decrease with age, at least in the high fat diet mice. Differences in blood glucose were also seen in adult male mice on the C57BL/6J background ( (Table 6 , C), although this tended to be less than that of controls. mGPD o/o animals also increased their activity in response to the cage switch, although activity following the cage switch was less than that of control animals.
On cold exposure to 4º C for 24 hours, 1 of 12 control animals and 2 of 11 mGPD o/o animals died, and a third mGPD o/o animal became hypothermic (≤ 30º C). This difference was not statistically significant (p> 0.2).
Although the mice used for these experiments were selected for similar body weights and maintained similar weights at 20 weeks, at 23-25 weeks of age the knockout mice weighed 10% less than the control animals. There was, however, no significant difference between the two groups in food intake (Table 6 , D).
Discussion:
Importance of mGPD for neonatal gluconeogenesis-Mouse pups are born with little or no stored fat, and little glycogen. Glucose is required as a source of energy by some tissues (e.g., brain) and as a source of glycerol phosphate by tissues lacking glycerol kinase (e.g., white adipose tissue). Mouse milk is very low in sugar, containing only 2-5% of calories from lactose (25, 26) , and cannot supply the glucose needs of the animal.
Additional glucose must be synthesized from glycerol and amino acids. As mouse milk provides 80% of its calories from fat (23, 24) , triglyceride-derived glycerol provides 4% of calories, and could produce glucose equal to that derived from milk lactose. Use of this glycerol requires both glycerol kinase and a glycerol phosphate dehydrogenase (Fig.   5 ). The mitochondrial and cytosolic enzymes are not equivalent for this purpose.
Glycerol phosphate oxidation by cGPD results in the obligatory production of cytosolic NADH, unlike glycerol phosphate oxidation by mGPD, which transfers reducing equivalents directly into the mitochondrion.
Evidence suggests that mGPD is normally responsible for the majority of glycerol If there is increased consumption of pyruvate for gluconeogenesis, the majority of the pyruvate would come from protein. However, mouse milk derives only 16-17% of its calories from protein and 2-5% from lactose, vs. 26% and 8-9%, respectively, for the rat (24, 26, 27) . In neonatal animals, amino acids tend to be relatively spared as gluconeogenic substrates, as they are needed for growth (27, 34) . In rat pups, protein reduction in otherwise isocaloric diets leads to reduced pup growth (35). Rats subjected to lactational protein deprivation show a reduction in body weight, total carcass lipid, and retroperitoneal white adipose tissue when measured at 7 months , although they received a normal diet after weaning (36). This is ascribed to organ-specific periods of differentiation and proliferation, which occur in the rat adipocyte during the period of lactation. In the mouse, epididymal fat proliferation is maximal in the first few days after birth, with a labeling index of 10% on day 1, dropping to 1-2% by day 5 (5).
It is interesting to note that the BALB/cHeA mouse, which lacks cGPD, tends towards obesity with age, while the cGPD transgenic mouse (expressing 40-100x the normal level of cGPD in most tissues) has a marked reduction in white fat weight (37).
Overexpression of cGPD, like loss of mGPD, could divert glycerol phosphate metabolism from mGPD to cGPD with production of excess cytosolic NADH in the liver.
Does Gdm1 affect growth and body weight?-Knockout and wild type pups differ in size
prior to weaning at 3 weeks, regardless of whether the pups are reared by heterozygous or homozygous females. Growth differs between knockout and wild type pups raised by the same heterozygous mother, but no difference is found between heterozygous pups reared by knockout or wild type females. These data suggest that the differences in growth rate are due to the pup genotype, rather than maternal factors. While other genes affecting body weight (Dpp4, Mob7, Nidd5, Wg1, C10bw1) have been mapped in this region (18, 28) , body weight is similarly reduced in the mGPD knockout reported by Eto et al. (14) , although the genetic origin of this mouse (BALB/c targeting DNA inserted into a C57BL/6J x CBA/JNCrj cell line) (14, 29) differs from that of our mouse. The size reduction in our mGPD deficient mice is therefore unlikely to be solely due to the residual 129X1/SvJ DNA, and suggests an effect of mGPD on the regulation of body weight.
Thermogenesis-Both the mGPD-deficient and the wild-type control mice treated with T 3 showed a 30% increase in oxygen consumption, and there was no significant difference between these strains in core body temperature, oxygen consumption, or respiratory exchange ratio. We found no evidence for significant impairment of thermogenesis in the mGPD knockout mice.
Consequences of the loss of glycerol phosphate shuttle components-Function of the glycerol phosphate shuttle requires the activity of both the mitochondrial and cytosolic
GPDs. Loss of the adult form of cGPD could be partially compensated in some tissues in the embryo and young animal by the embryonic form of this enzyme. In the adult animal the embryonic enzyme is expressed at less than 1% of the adult form and probably cannot reconstitute a functional cycle (4) . Loss of the glycerol phosphate shuttle should primarily affect glucose metabolism through the effect of the NADH/NAD + ratio on the reaction catalyzed by glyceraldehyde phosphate dehydrogenase. However, none of the liver or muscle metabolite levels we measured differed between adult control and mGPD knockout animals, suggesting that compensatory mechanisms (such as the malateaspartate shuttle) are sufficient.
In contrast, adult BALB/cHeA, which lack the cytosolic GPD, have metabolic abnormalities detectable in skeletal muscle (6) . High levels of both mGPD and cGPD are found in muscles of the control mice, suggesting that the glycerol phosphate shuttle could be active in this tissue. Findings in the muscle of exercised BALB/cHeA mice include elevations in fructose bisphosphate, dihydroxyacetone phosphate, and glyceraldehyde phosphate, which suggest a blockage at the step catalyzed by glyceraldehyde phosphate dehydrogenase. The lack of similar metabolic abnormalities in muscle from the mGPD knockout may be due to differences in genetic background, as inbred mouse strains may differ in their ability to compensate for the loss of the glycerol phosphate shuttle. Gluconeogenesis from pyruvate proceeds through malate export to the cytosol, effectively transferring NADH from the mitochondrion for production of glyceraldehyde phosphate. Gluconeogenesis from lactate provides cytosolic NADH, so likely proceeds via the mitochondrial and cytosolic AAT to generate cytosolic OAA (32 A. 
